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A model automotive exhaust catalyst, consisting of 2.25 wt% Pd supported on initially high-surface-area (88 m2/g) cerium–zirconium
mixed oxide (Ce0.5Zr0.5O2), was studied by X-ray diffraction (XRD), thermogravimetric analysis (TGA), and transmission electron
microscopy (TEM), following high-temperature (1150 ◦C) redox aging. Spherical Pd particles with size varying from 30 to 80 nm in
diameter were found to be embedded both within single grains and at interfaces between multiple grains of the mixed oxide. X-ray
energy-dispersive spectroscopy (EDS) and microbeam electron diffraction show that these particles are pure Pd, with face-centered-
cubic structure. These results, together with elemental distribution maps obtained by EDS imaging, provide detailed visualization of an
encapsulation phenomenon previously reported on the basis of XRD and TGA measurements alone.
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1. Introduction
Automotive exhaust catalysts have to function for long
periods of time under harsh conditions, especially in terms
of temperature. While earlier generations of automotive
catalysts had an operational limit of about 750 ◦C, improved
catalyst formulations have extended the range up to 950 ◦C.
Current practice is to limit the catalyst temperature by oper-
ating the engine in an excessively fuel-rich regime to avoid
thermal degradation of the catalyst. However, to achieve
optimum fuel economy when automotive engines operate
under high speed or load conditions, the catalytic converter
temperatures would have to be as high as 1050 or even
1100 ◦C. This would lead to lower consumption of fuel
and, as an added benefit, lower levels of exhaust emis-
sions. A prerequisite for developing such thermally stable
catalysts is a good understanding of the thermal deactiva-
tion modes contributing to the aging and degradation of
catalysts in harsh thermal environments. Much of the im-
provement in thermal stability of automotive catalysts in
recent years has come from the use of micron-sized parti-
cles of ceria–zirconia solid solutions both for supporting the
active noble metals and serving as oxygen storage agents.
Although these materials undergo tremendous loss of sur-
face area after aging at the temperatures indicated above,
they are superior to ceria–zirconia (or pure ceria) supported
along with the noble metals on more refractory oxides such
as alumina. The reasons for this are that: (1) composi-
tion of the solid solutions can be precisely controlled and
optimized for best oxygen storage characteristics, (2) con-
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tact between the noble metals and the ceria–zirconia is as-
sured no matter how extensively the materials sinter, and
(3) rates of bulk oxygen transport are sufficient to ensure
high rates of oxygen storage and release even in the absence
of high surface area [1]. Given the wide utilization of these
ceria–zirconia materials, a model automotive exhaust cat-
alyst consisting of Pd supported on initially high-surface-
area ceria–zirconia is examined, in the present study, after
high-temperature aging in order to follow up on an earlier
discovery that upon such aging, Pd sinters into large (tens of
nanometers in diameter) particles, some of which seemed to
be encapsulated within the ceria–zirconia [2]. Interestingly,
the X-ray diffraction (XRD) patterns of these Pd particles
gave evidence for significant (about 3 vol%) compression
of the Pd lattice, creating a high residual stress in the metal
particles. The authors accounted for this stress by propos-
ing the following scenario: Pd, which remains zero-valent,
even in the presence of 0.5 mol% O2 at 1050 ◦C, sinters into
large particles, several tens of nanometers in diameter. The
ceria–zirconia matrix also sinters, but alternately expands
and contracts under the reducing and oxidizing portions of
the aging treatment due to the difference in size between
Ce3+ and Ce4+. During these events, some of the Pd par-
ticles become encapsulated within the mixed oxide while
it is in a partially reduced state. Ultimately, however, the
mixed oxide is left in its fully oxidized state, thus creating
the residual stress (as high as 3.6 GPa).
There are many important issues to be resolved with re-
gard to the thermal degradation in this case. For example,
it would be important to find out whether the metal par-
ticles start to sinter before the pore volume of the mixed-
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oxide support starts to shrink. Another open question is
whether or not the metal particles are “squeezed” out of
the oxide as the pore structure starts to collapse. It is also
important to know why some of the metal particles become
encapsulated by the support whereas others do not. To be-
gin to address these questions, a combination of transmis-
sion electron microscopy (TEM) images, elemental maps
obtained by X-ray energy-dispersive spectroscopy (EDS),
and a microbeam electron diffraction pattern are presented
together with complementary results from XRD and ther-
mogravimetric analysis (TGA) to characterize and compare
the ceria–zirconia-supported Pd catalyst after redox aging
at temperatures of 1050 and 1150 ◦C.
2. Experimental details
The ceria–zirconia-supported Pd catalyst in this study is
the same one as used previously [2]. This catalyst consists
of 2.25 wt% Pd on Ce0.5Zr0.5O2 with a specific surface
area (BET) of 88 m2/g after calcination at 600 ◦C for 12 h.
Aging was performed by heating for 12 h in a flowing gas
mixture containing 1 mol% CO/H2 ([CO]/[H2] = 3/1) alter-
nating every 10 min with 0.5 mol% O2; the remainder of the
mixture consisted of 0.002 mol% SO2, 10 mol% H2O, and
balance N2. The maximum aging temperature for this study
was 1150 ◦C, whereas previously it was 1050 ◦C [2]. After
aging, samples were calcined for 2 h at 700 ◦C in order
to convert all unencapsulated Pd to PdO. Specific surface
area and XRD patterns were obtained as before [2]; TGA
results were obtained in flowing air with a Perkin-Elmer
TGA7 analyzer.
For TEM investigations, a large-size aggregate with di-
ameter about 1 mm was selected from the aged catalyst
powder, sandwiched between two supported silicon crys-
tals, and cut into cross-sectional slices. The cross-sectional
slices were glued on Cu rings and then thinned by mechan-
ical grinding, polishing and dimpling, followed by low-
angle Ar-ion milling to perforation. TEM studies were
conducted within a JEOL 2000FX analytical electron mi-
croscope (AEM) equipped with an X-ray energy-dispersive
spectrometer and parallel electron energy-loss spectrometer,
operating at 200 kV.
3. Results
The XRD pattern of the catalyst after aging at 1150 ◦C
was not much different than after aging at 1050 ◦C [2], ex-
cept that the mixed-oxide peaks were about half the width,
and there was a small (less than 10%) amount of tetrago-
nal zirconia apparent in addition to the main mixed-oxide
phase. The specific surface area after 1150 ◦C was less
than 1 m2/g (though non-zero), compared with 2.8 m2/g
after 1050 ◦C.
The (111) Pd peaks, due to Pd particles which formed in
the process of aging at either 1050 or 1150 ◦C, are shown in
(a)
(b)
Figure 1. (a) XRD patterns showing the Pd(111) reflection from the cata-
lysts aged at 1050 and 1150 ◦C (followed by oxidation at 700 ◦C) as well
as the catalyst (aged at 1050 ◦C) following reduction. (b) Results from
TGA measurements (performed by heating between 200 and 900 ◦C, as
indicated, in air) of the catalysts after aging at 1050 and 1150 ◦C.
figure 1(a) together with that of the reduced catalyst (sub-
sequent to 1050 ◦C aging). The previous work suggested
that these Pd particles are encapsulated in the mixed-oxide
matrix due to the aging since they resist subsequent oxida-
tion. (The PdO peak nearest to the (111) Pd peak appears
at 41.9◦, which is not within the domain of figure 1.) Com-
pared with 1050 ◦C aging, the peak after 1150 ◦C aging is
more intense, broader, and at smaller angle, indicating, re-
spectively, that more Pd is encapsulated under a distribution
of stress states, the average of which is lower. The intensity
of both peaks may be compared with that of the reduced
catalyst, in which stress applied to the encapsulated Pd par-
ticles by the ceria–zirconia mixed oxide has been relaxed:
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Figure 2. (a) Bright-field TEM micrograph showing Pd particles (B, 1, 2, and 3) embedded within the ceria–zirconia mixed oxide. (b) EDS spectrum
from the ceria–zirconia mixed-oxide matrix (region A in (a)). (c) EDS spectrum from a Pd particle (region B in (a)).
the intensity after 1150 ◦C aging is roughly 85% of that of
the reduced catalyst, whereas it is 25–30% of that of the
reduced catalyst after 1050 ◦C aging.
These values may be compared with the TGA results
shown in figure 1(b). Upon heating, PdO undergoes com-
plete decomposition to Pd and O2 by 900 ◦C in air. Al-
though the expected weight loss due to decomposition of
PdO in an oxidized catalyst containing 2.25 wt% Pd is
0.34%, the observed weight loss is only about 0.05% after
1150 ◦C, corresponding to a loss (through encapsulation)
of 85% of the Pd, and about 0.24% after 1050 ◦C, corre-
sponding to a loss of 29% of the Pd. The XRD and TGA
measurements are thus in agreement regarding the extent
of Pd encapsulation. With 85% of the Pd encapsulated
after 1150 ◦C aging, this case presents a rather favorable
situation for TEM investigations.
In order to reveal the detailed microstructure of the Pd
catalysts after aging, studies were conducted using different
TEM techniques including diffraction contrast images, mi-
crobeam electron diffraction, and EDS analysis. Figure 2(a)
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Figure 3. (a) TEM micrograph using scanning TEM mode. (b)–(e) Element maps obtained by EDS of Pd, Zr, Ce, and O, respectively.
is a bright-field micrograph showing the typical microstruc-
ture of the catalyst after 1150 ◦C aging. The matrix ma-
terial in figure 2(a) is identified to be the ceria–zirconia
grains. In addition, there are small particles visible in fig-
ure 2(a). These particles are either embedded within sin-
gle ceria–zirconia grains or surrounded by multiple ceria–
zirconia grains. Since these particles always appear as
round disks in TEM images, they should have a spheri-
cal shape. The size of these particles in figure 2(a) varies
from 30 to 80 nm in diameter. In order to get a statistically
significant size distribution of particles, many specimens
were prepared and investigated by TEM. The average size
of the particles is about 60 nm in diameter, based on the
examination of numerous micrographs taken from different
specimens.
The composition of particles in the specimen was deter-
mined by EDS analysis. Figure 2(b) is an EDS spectrum
taken from the ceria–zirconia matrix, such as the region
marked by letter A in figure 2(a). This spectrum shows
the presence of Zr, Ce, and O. No Pd was detected in the
matrix. (The occurrence of the Cu peaks in the spectrum is
ascribed to scattering from the Cu ring.) Figure 2(c) is an
EDS spectrum from a particle, such as the one marked by
letter B in figure 2(a). It shows one intense Pd peak and
other weak peaks resulting from Zr, Ce, O, and Cu. The Zr,
Ce, and O peaks are presumed to be from the surrounding
Ce0.5Zr0.5O2 matrix, and the Cu peaks result from the Cu
rings, as mentioned previously.
The spatial distribution of different phases existing in
the specimen was also investigated by elemental maps us-
ing EDS imaging (figure 3). Figure 3(a) shows a micro-
graph obtained in the scanning TEM mode. It shows the
same characteristic microstructure as in figure 2(a). The
isolated dark regions in figure 3(a) correspond to the Pd
particles. The spatial distribution of Pd, Zr, Ce, and O
in this region is shown in the elemental maps in figure 3
(b)–(e), respectively. The regions with high intensity in
figure 3(b) indicate highly Pd-rich areas. The bright re-
gions in figure 3(b) have one-to-one correspondence to the
dark regions in figure 3(a). The Zr, Ce, and O maps in
figure 3 (c)–(e) show almost homogeneous contrast, except
for some regions with slightly less intensity, correspond-
ing to the positions of the highly Pd-concentrated particles.
The reason for the very low contrast of these particles in
the O, Zr, and Ce maps is that the size of the particles
is small relative to the thickness of the specimen, which
results in a large overlap between the particles and the ma-
trix.
In order to further confirm that the particles observed
are pure Pd (rather than an oxide or some other phase con-
taining Pd), microbeam electron diffraction analysis was
conducted. The microbeam electron diffraction patterns
(figure 4) taken from the particles show that they have
a face-centered-cubic structure with a lattice parameter of
a ≈ 4.0 Å, which corresponds to the crystallographic
structure of pure Pd (face-centered-cubic structure with
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Figure 4. Micro electron diffraction pattern, taken from an embedded Pd
particle, which corresponds to the [110] zone for electron diffraction from
the face-centered-cubic structure of Pd.
a = 3.8898 Å) [3] (rather than PdO, for example, which is a
tetragonal structure with a = 3.043 Å and b = 5.337 Å [4]).
4. Discussion
These studies have clearly demonstrated the existence of
pure Pd particles in the aged catalyst. Both conventional
and analytical TEM studies reveal that the particles ob-
served are Pd metal (rather than Pd oxide) and have a spher-
ical shape. These Pd particles are randomly distributed
in the cerium–zirconium mixed-oxide matrix (figure 2(a)).
They are embedded within either a single Ce0.5Zr0.5O2
grain or between several Ce0.5Zr0.5O2 grains. For exam-
ple, particle 1 in figure 2(a) is embedded within one single
grain whereas particle 2 is held between two Ce0.5Zr0.5O2
grains. There are also some particles, such as particle 3,
which are surrounded by three Ce0.5Zr0.5O2 grains. Note
that the Pd particles in figure 2(a) show different contrast,
due to different crystallographic orientations with respect to
the incident electron beam. Although about 15% of the Pd
in the catalyst was not encapsulated after aging at 1150 ◦C,
there were no PdO particles observed by TEM. This merely
reflects the fact that these observations were confined to re-
gions within the densified ceria–zirconia matrix, whereas
the PdO particles would be located on external surfaces of
the matrix.
It should also be noted that the apparent diameter of the
particles is not exactly the same as the actual size of the
particles. The particles are three-dimensional (3D) objects
distributed in space. During the TEM specimen prepara-
tion, the 3D particles were sliced into disks. If a disk cuts
through a particle via the center of the particle, the diameter
of the observed particle (disk) is equal to the real diameter
of the particle, otherwise, the apparent size of the particle is
smaller. From a statistical point of view, the measured size
distribution from the TEM images will thus be slightly bi-
ased toward small particles. Nevertheless, the particle size
distribution measured by TEM is consistent with the results
deduced from the XRD measurements which show that the
average size of the particles is several tens of nanometers
in diameter.
Unfortunately, it was not possible to confirm that the Pd
particles imaged by TEM were under compressive stress
as originally revealed by XRD, because the resolution of
the microbeam electron diffraction measurements was in-
sufficient to resolve the change in lattice constant. Further,
slicing of the particles during sample preparation would
almost certainly have allowed any residual stress to re-
lax.
Particle growth is one of the most important contributing
factors to thermal degradation of supported catalysts. Parti-
cle growth can occur via interparticle transport, with metal
atoms diffusing either across the support surface or through
the vapor phase. Another possible scenario involves parti-
cle migration, collision, and coalescence [5]. In our case,
both the mixed-oxide support particles and the Pd metal
particles undergo growth during thermal treatment. The
initially high surface area (88 m2/g) of the catalyst con-
taining 2.25 wt% Pd on Ce0.5Zr0.5O2 was reduced to less
than 1 m2/g after aging at 1150 ◦C. XRD and TGA mea-
surements show that, after 1150 ◦C aging, large Pd parti-
cles have formed and become encapsulated by the cerium–
zirconium mixed oxide under a distribution of stress states.
Precursors to metal particle encapsulation have been ob-
served in other catalyst systems. For example, in a TEM
study, it was observed that Pt particles on silica become
partially enveloped when annealed at 1200 and 1375 K [6].
As the driving force toward encapsulation, a reduction in
surface free energy of the Pt/SiO2 system was invoked. In
systems containing metal particles on reducible oxides, such
as Pt/TiO2 or Ni/TiO2, high-temperature reduction leads,
according to a widely accepted interpretation of the strong
metal–support interaction (SMSI) effect, to migration of
TiOx species onto the surface of the metal particles [7].
However, this effect is reversible and indicative of a dec-
oration of the metal particles by oxide material rather than
the deep, irreversible encapsulation observed here. Never-
theless, such SMSI processes (also reported for ceria) could
be the starting point for the encapsulation which occurs at
the high temperatures of this study.
Although the microstructure and chemical composition
of the encapsulated Pd particles have been studied, the na-
ture of the particle–matrix interface is not yet clear. Knowl-
edge of the atomistic structure and atomic bonding at the
interfaces formed between the ceria–zirconia matrix and the
Pd particles is important in order to understand the underly-
ing aging mechanism of the catalyst. Moreover, a detailed
study of the catalysts at various stages during the aging
process will also be critical for understanding the aging
mechanism.
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5. Conclusions
Spherical Pd particles with diameters ranging from 30
to 80 nm were observed by means of TEM in a Pd/ceria–
zirconia catalyst after aging at 1150 ◦C. The particles were
identified as pure Pd metal (rather than PdO) by means of
EDS and microbeam electron diffraction. The Pd particles
were found to be embedded, either within single grains or
between several grains of ceria–zirconia. Elemental distri-
bution maps derived from EDS imaging provided further
confirmation of Pd particle encapsulation. These results
are in complete accord with a previous study [2] which uti-
lized only bulk methods, XRD and TGA, to deduce that
Pd is encapsulated in this catalyst, but additionally provide
a detailed picture of the actual microstructure. For future
work, one interesting topic would be to study the particle
surface (actually, the interface between the particles and
the matrix) using high-resolution transmission electron mi-
croscopy.
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